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ABSTRACT  4 
Using seismic isolation systems for highway bridges modifies the structure’s principal vibration modes, 5 
effectively reducing the seismic base shear conveyed from the superstructure to the substructure. However, for 6 
some low damping rubber isolation bearings, large displacements can be a problem. Supplemental hysteretic 7 
dampers can be introduced into the base-isolated bridge. This may nevertheless increase the structure base shear 8 
and the merit of adding dampers has to be evaluated properly. In this paper, a simplified method was implemented 9 
for the design of a low-cost hysteretic damper and the resulting isolator-damper system was tested 10 
experimentally. The employed design method is based on equivalent linearization approach. A full-scale 11 
elastomeric isolation bearing was characterized and used in the design of a hysteretic damper. Both the isolator 12 
and the damper went through cyclic testing and real-time dynamic substructuring (RTDS) methods to verify the 13 
capacity of the method to design base isolation-damping systems. The study was further extended to extreme 14 
seismic loading by nonlinear time history analysis. Results show that the simplified method is adequate to be 15 
used in the performance optimization of isolated-damped bridges. 16 
Keywords: Base isolated bridge, Hysteretic damper, Real-time dynamic substructuring, Time history 17 
analysis. 18 
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1. INTRODUCTION 19 
It has been proven by Golzan and Legeron (2010) that isolation systems for small to medium span bridges 20 
can be very effective to reduce substructure loading. A drawback of the system, particularly elastomeric low 21 
damping isolation bearings, is however that the seismic displacements can be very large, resulting in expansion 22 
joints that have high initial and maintenance costs. It would be interesting to provide supplemental damping to 23 
reduce the seismic response of the structures and in particular the displacement demand. This can be achieved by 24 
high damping bearings (Naeim and Kelly 1999) or for improved stability and damping by shape memory alloy 25 
isolators (Mishra et al., 2015) or by supplementing the existing low cost isolation bearing with easy to replace 26 
dampers.  Since the dampers are often sacrificial members in a structure, it is important to design elements that 27 
are economic. Such devices, nonetheless, can increase seismic loads in certain cases (Jangid and Kelly, 2001). 28 
For example Kelly (1999) has pointed out that the extra viscous dampers may increase significantly the higher-29 
mode response in the structures. Therefore, the optimal mechanical properties of damping devices should be 30 
addressed. These properties first depend on the type of damper selected. Many types of such devices are available 31 
for designers including metallic dampers with plastic hinge mechanisms, dampers in friction, and dampers that 32 
are employing viscous properties of fluids or solid elements.  33 
Many authors have shown that a considerable portion of the energy exerted by the earthquake can be absorbed 34 
and dissipated at designated places in a structure by yielding of metallic elements with hysteretic behavior 35 
(Moreschi and Singh, 2003). Skinner et al. (1993) showed that one method for augmenting energy dissipation of 36 
for example laminated rubber bearings, is to supplement additional components such as lead plugs inserted in the 37 
bearing. For this application, lead is advantageous compared to steel because it offers higher ductility and energy 38 
dissipation capacity in shear. This however, shall not restrict designers from employing steel dampers in different 39 
forms where deformation in flexure or even torsion is intended. Steel is easy to access and recycle, and it is also 40 
economic and durable.  In a research on the effects of a steel damper on a bridge, Maleki and Bagheri (2010) 41 
showed that the steel dampers can efficiently minimize the displacement demand and the maximum stress of the 42 
superstructure of a bridge by supplying great energy dissipating capacity. Steel dampers have been reported and 43 
demonstrated efficient in the reduction of damage due to earthquake on bridge structures where there is 44 
significant deformation demands (Chen et al., 2001). Different types of steel dampers, mostly developed for 45 
building structures, which have lower deformation demands compared to bridges, include flexural deformation 46 
dampers (Stiemer et al., 1981) and (Suzuki et al., 2005), triangular dampers (Bergman and Goel, 1987) and (Pan 47 
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et al., 2014), torsional beam (Skinner et al., 1975) and U shape steel strips (Aguirre and Sánchez, 1992) and (Oh 48 
et al., 2012).    49 
Using multi-objective optimization method Kwag and Ok (2012) proposed an optimal design approach of 50 
seismic isolation system for bridges against uncertainties in the system. In the context of small to medium span 51 
isolated highway bridges, Different objectives need to be taken into account and optimized (Hedayati and Alam, 52 
2013) to reduce superstructure displacements. Steel hysteretic dampers may be an adequate solution for this 53 
problem. However, to facilitate its use in practice, a simplified design method is needed to identify optimal 54 
damper mechanical properties. The objective of this paper is to use a simplified design method, developed 55 
previously (Golzan et al., 2015), for the design of a steel hysteretic damper. The damper is simply composed of 56 
steel bars which are aligned horizontally. This kind of dampers is simple in fabrication and installation, economic, 57 
and easy to handle in the retrofit of existing bridges.  58 
The following section explains the simplified method, its concept and governing equations. In section 3, the 59 
test setup designed for testing an elastomeric isolation bearing is introduced. The isolation bearing used in this 60 
study was characterized with this setup, as described in section 4. The simplified method allows estimating the 61 
required additional damping and rigidity for the structure. Then, a suitable type of damper is selected to provide 62 
the required additional damping and rigidity to the structure. In this regard, in line with the simplified method 63 
and knowing isolation bearing behavior, a steel hysteretic damper was designed, as presented in section 5. This 64 
design is performed considering a desirable rehabilitation objective for both substructure base shear and 65 
superstructure displacement. Section 6 discusses experimental procedure which encompasses two phases of 66 
testing on the isolator-damper system; 1) displacement controlled cyclic (DCC) testing and 2) real-time dynamic 67 
substructuring (RTDS) testing under seismic loading. DCC tests were used to characterize the behavior of the 68 
isolator-damper system. The RTDS tests were used to identify the response of the system under a seismic 69 
excitation, for a limited range of seismic excitation. In section 7, the properties from the first phase of 70 
experimental tests were used to develop a nonlinear time history numerical model of the isolation-damping 71 
system. The numerical model was validated with the results of the RTDS tests. Then, the numerical model was 72 
used to extend the study to extreme seismic loading.  73 
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2. Simplified design method 74 
For bridges equipped with seismic isolators and energy dissipaters, it is usually more accurate to obtain 75 
maximum displacement demand through time-history analysis. However, in most cases of regular simple bridges 76 
(AASHTO, 2012; CSA S6-14, 2014), simple linear response spectra or uniform hazard elastic response spectra 77 
can be used at least for preliminary sizing of isolation system. These methods are based on equivalent 78 
linearization of the system by using an effective lateral stiffness and equivalent damping ratio. For most practical 79 
situations, the superstructure mass is much greater than the participant column mass, and hence the principle 80 
mode of vibration is dominated by displacements of the superstructure decoupled from the substructure by the 81 
isolation system. On this basis, in the equivalent linearized simplified design method the whole system has been 82 
simply taken as a single-degree-of-freedom model with effective stiffness and damping from both substructure 83 
and isolation system. However, bridges with tall massive columns cannot be simplified by a SDOF model.  84 
 85 
Figure 1. Isolated and damped bridge 86 
A base isolated bridge (Figure 1) under an earthquake displaces and as a response develops base shear. The 87 
response depends on the behavior of all load supporting elements (substructure and isolation system). In certain 88 
retrofitting cases, a damper is added to this system to moderate its response in terms of displacement and base 89 
shear. As shown in Figure 1, the case without damper provides low damping. This can be seen for example in 90 
some of low damping elastomeric isolation bearings. Golzan et al. (2015) proposed a simplified method for the 91 
retrofit of simple regular bridges. The method is based on the equivalent linearization of the bridge elements and 92 
provides required added design stiffness and damping for a particular isolated bridge to attain a desired response 93 
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under seismic loadings. The method restrains the parameters for the added damper such that the variation in the 94 
base shear (ε=(F2-F1)/F1) and the reduced displacement variation (φ=(D2-D1)/D1) remain within the required 95 
range. For a range of damping reduction factor after and before retrofit (B2/B1) between 1 and ሺ1 െ ߮ሻିଵ, the 96 
two equations for damping and stiffness from Golzan et al. (2015) are: 97 
 98 
 ௘ܶభ
௘ܶమ
ൌ ܤଶܤଵ ൌ ሾሺ1 െ ߮ሻሺ1 ൅ ߝሻሿ
ିଵଶ Equation 1 
 ܭ௘௙௙మܭ௘௙௙భ
ൌ ቆ ௘ܶభ
௘ܶమ
ቇ
ଶ
ൌ 1 ൅ ߝ1 െ ߮ Equation 2 
Where, Te is the natural period of the structure. Identifying target values for B2 and Keff2 allows calculating 99 
the stiffness and damping design values for the damper. For the configuration studied, the isolation bearing and 100 
the damper specimens are aligned in parallel. Final equivalent damping ratio in Equation 3 comes from the 101 
participation of damping from both segments proportional to the ratio of stiffness of each to the combined 102 
effective stiffness for two parallel springs in Equation 4 (Roesset et al., 1973; Jara and Casas, 2006). 103 
 ߦଶ ൌ ܭ௜ܭ௜ ൅ ܭௗ ߦ௜ ൅
ܭௗ
ܭ௜ ൅ ܭௗ ߦௗ Equation 3 
 ܭ௘௙௙ଶ ൌ ܭ௜ ൅ ܭௗ Equation 4 
Where, ξi, ki, ξd and kd are the damping ratios and stiffnesses attributed to isolator and damper respectively. 104 
3. Experimental setup 105 
This section describes the equipment used to perform the tests on the full size bearing isolator device and the 106 
proposed damper. The test setup, shown in Figure 2, was initially designed to perform tests on isolation bearing 107 
devices. It allows to apply a constant vertical load and to impose a horizontal displacement on the isolation 108 
bearing. The test setup was modified to add a damper prototype in parallel to the isolator. The testing procedure 109 
is monitored by a data acquisition and a controlling system. The controller is governed by a commercial software 110 
which is connected to the actuators through a signal channel. 111 
The various parts of the test setup are: the vertical and horizontal loading system; the rollers sliding surface; the 112 
instruments to measure displacements; and the control systems.  113 
 114 
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Figure 2. Test setup for isolation bearing and damper 
To simulate the gravity load of the bridge deck on the isolation system, it is important to have a system that 115 
imposes a constant vertical load. The vertical load is applied by two servo-controlled hydraulic jacks that have a 116 
nominal capacity of 1000kN. These two servo-controlled jacks are fixed to the overhead frame and are supporting 117 
the weight of the test setup that otherwise should rest on the bearing isolator device. The resultant load is 118 
concentric because the two jacks are symmetrically arranged with regard to the isolation bearing center and, it is 119 
considered uniformly distributed due to the plates and the beams of the vertical load system. During horizontal 120 
displacement, the rotation of the vertical loading system is prevented by a beam fixed at this system at one 121 
extremity and pinned at the other one (Figure 2). This beam also prevents longitudinal movement of the vertical 122 
load. Transverse movement of the vertical load was prevented with a guiding device that allows vertical 123 
displacement.  124 
The horizontal load is applied by a pair of servo-controlled hydraulic jacks of a nominal capacity of 250kN 125 
and a total shaft extension of 1000 mm (±500 mm). The upper plate of the isolation bearing is bounded to the 126 
horizontal jacks by the mobile plate, whereas the lower plate of the isolation bearing is fixed to the ground plate. 127 
The anchorage box-beam supporting the fixed end of the horizontal jacks is connected to the ground plate by 128 
beams that can resist the horizontal force applied by the jacks. Furthermore, the anchorage box-beam and the 129 
ground plate are attached to the structural strong-floor of the laboratory to obtain a maximum of rigidity of the 130 
test setup. The applied horizontal load is displacement controlled and is measured directly by the jacks applying 131 
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the load. In the characterization phase of the isolation bearing, the damper is not installed in its place so that the 132 
whole horizontal force is carried by the bearing. 133 
The required decoupling and sliding surface between the upper plate and the vertical load system is 134 
accomplished by a set of parallel rollers fixed in a steel frame (Figure 3a&b). The resistance in displacement of 135 
clean rollers under a vertical load of 900kN is about 6.3kN which represents 0.7% of the vertical load. Thus the 136 
total measured force includes a resistance caused by the friction of the roller and the sliding plates which should 137 
be deducted. 138 
  
(a) (b) 
Figure 3. Roller between vertical jacks and the sliding plate over the bearing (a & b); Isolation bearing 
(b) 
The horizontal displacements are measured by diverse devices. The extension of the two horizontal jacks 139 
establishes the main measure of the horizontal displacement. However, the extension of the jacks can differ from 140 
what is measured at the level of the plates of the isolation bearing because of the stiffness of the assembly. Thus 141 
two sensors measure the displacement of the upper and lower plates in the center of the isolation bearing relative 142 
to the ground plate. The relative horizontal displacement of the plates of the isolation bearing is then obtained by 143 
subtraction. The difference between the displacement measured by the sensors and the horizontal jacks can reach 144 
up to 5 mm.  145 
The forces and displacements are recorded at the rate of 25 Hz for cyclic tests and 100 Hz for real time hybrid 146 
tests by the controller of the jacks. The acquisition of the data begins before the application of the vertical load 147 
and ends after it has been removed. One MTS controller operates the servo-valve of each of the four hydraulic 148 
jacks (2 vertical and 2 horizontal) independently from the force or displacement feedback, at the choice of the 149 
operator. 150 
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4. Characterizing the isolation bearing 151 
Before designing the damper, it is necessary to perform comprehensive testing in order to characterize the 152 
isolation bearing to find out its displacement dependant nonlinear properties. This bearing is a laminated rubber 153 
isolation bearing designed for one of the piers of a highway bridge in the province of Quebec, Canada. It was 154 
designed for a vertical load of 900kN, a horizontal force of 302kN and a maximum design displacement of 155 
103mm. Two series of characterization tests were performed on the isolation bearing in Figure 3: one before 156 
testing with dampers and the second as a control series after testing with dampers. No significant change was 157 
noticed in the behavior of the isolator after all tests.  158 
The characterization test on the bearing was performed using a progressive sinusoidal loading as specified by 159 
CSA S6 (2006). Testing the bearing at different displacements and drawing the trend line for all captured data, 160 
Figure 4 shows how the effective stiffness and the equivalent viscous damping ratio vary at various displacements 161 
of the bearing. Based on this characterization, some constituting laws of the isolator were drawn to constitute an 162 
approximate bilinear model of the bearing in the design of the damper.  163 
 164 
Figure 4. Behavior of the bearing at different displacements 165 
From Figure 4, the effective stiffness and the equivalent damping ratio of the isolator at design displacement 166 
of 103 mm are 2940kN/m and 0.045 respectively. The test condition simulates an isolator on a bridge with a very 167 
stiff substructure (Base of the lab) that can be assumed infinitely rigid. Considering the design vertical load of 168 
900kN on the isolator, the natural period of the system is equal to 1.1s.  169 
5. Designing a hysteretic damper 170 
In the following sections, a system combining a base isolation bearing and a damper will be designed and 171 
tested. This system provides a complete example of an application of the simplified method.  172 
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To facilitate its use in the design of isolated bridges, dampers need to be simple, low maintenance, and easy 173 
to procure. For these reasons, the use of a hysteretic damper made of steel bars is proposed. However, because 174 
metallic dampers have a certain intrinsic stiffness, they could produce an increase in force depending on the post 175 
elastic characteristics of the damper which greatly governs its damping level. 176 
The proposed damper in this paper is composed of several fixed end steel bars aligned horizontally (Figure 177 
5a) that dissipate the energy of a vibration by plastic hinge mechanisms at both ends and mid-length of the bars 178 
(Figure 5b). The response of the superstructure to earthquake in terms of exerted force is applied to the damper 179 
bars through an articulation which assures the yielding of the bars in bending only and not in torsion. The number 180 
of bars and their lengths as well as the steel grade can determine to what extent the displacement demand will be 181 
attended by this design method. The choice of several bars is useful for distributing the end moments on a larger 182 
surface.  183 
 
(a) 
 
  
 
 
(b) 
Figure 5. Conceptual configuration of the damper (a); Energy dissipation on plastic cross section (b) 
The horizontal disposition of the elements versus the vertical disposition is a simple way to ensure that a 184 
temporary or permanent vertical displacement of the bridge will not impose undesirable axial forces in the 185 
damper. This configuration will only leave a small bending moment on the bars in the vertical direction. 186 
Furthermore, this configuration gives more flexibility in the choice of number, length and diameter of the bars. 187 
However, this type of damper will perform in one direction, and therefore, horizontal bars would need to be 188 
placed in any direction of the bridge subject to retrofit. The middle plate that transfers the horizontal displacement 189 
of the upper plate to the specimen is not fixed to the bars so that the bars can freely rotate and slightly move in 190 
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the length of the bars and avoid any torsion or axial loads imposed by bidirectional movement of the middle 191 
plate.  192 
To use the simplified method as summarized in Section 2 and detailed in Golzan et al. (2015), a simple model 193 
needs to characterize the stiffness and damping behaviour of both isolators and dampers. The AASHTO 194 
provisions specify an equivalent linearization of the isolation bearing based on the bilinear model (AASHTO, 195 
2010). Hwang et al., (1996) proposed that to obtain the effective stiffness Keff and equivalent damping of a 196 
hysteretic system ξeq, three parameters of elastic stiffness (Kel), post yield stiffness ratio (α= Kel / Kpl) and ductility 197 
ratio (μ=D/Dy where Dy is the yield displacement) could be taken as variables and set to desirable values. 198 
Equation 5 shows the value of effective stiffness in a bilinear hysteresis model and Equation 6 shows the 199 
equivalent damping in the same model. These equations were formulated for isolators, but they can also be 200 
applied for the evaluation of damper properties. 201 
 ܭ݁ ൌ 1൅ ߙሺߤ െ 1ሻߤ ݈݇݁ Equation 5 
 ߦ݁ ൌ
2ሺ1 െ ߙሻሺ1 െ 1ߤሻ
ߨሾ1 ൅ ߙሺߤ െ 1ሻሿ 
Equation 6 
Assuming the desired equilibrated displacement and force for the combination of isolation bearing and 202 
damper, the geometry of the damper can be determined based on Equations 7&8 for round steel bars subject to 203 
bending:  204 
 ܭ௘௟ ൌ 3݊ߨ݀
ସܧ
݈ଷ  Equation 7 
 ܦ௬ ൌ ܨ௬. ݈
ଶ
12ܧ. ݀ Equation 8 
Where, n is the number of steel bars, l is the length of the bars, d is the diameter of the bars and E is the 205 
modulus of elasticity (equal to 200 GPa). Dy and Fy are respectively the yield displacement and strength of the 206 
steel bars in bending. 207 
The first step in the design of the damper is to set targets for variation in base shear ε, and variation in 208 
superstructure displacement φ. In the present case, the (ε%, φ%) scenario was taken arbitrarily (0, -50). From 209 
Equation 1, the target damping ξ2 is found to be 0.08 and from Equation 2 the target effective stiffness Keff2 equals 210 
to 5880kN/m for the complete structure. The effective stiffness of the damper Kd, from Equation 4 is 2940kN 211 
and its equivalent damping ratio ξd from Equation 3 is 0.14. 212 
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The second step is to set the stiffness Ke and damping ξe in Equation 5&6 equal to Kd, and ξd respectively and 213 
then calculate the parameters for the representation of the damper in the bilinear model. Two commercially 214 
available steel grades with the approximate yield strength Fy of 350MPa (hot-rolled steel) and 580MPa (cold-215 
rolled steel) were chosen. Having performed some preliminary tests, the post yield stiffness ratios were taken 216 
approximate values of 0.3 and 0.4 for hot-rolled and cold-rolled steel respectively. This ratio depends on both 217 
the steel properties and the geometry of the damper. Ductility ratio (μ=D/Dy where D is already defined with the 218 
target variation in displacement φ) and elastic stiffness Kel can then be calculated using Equations 5&6. In the 219 
third step, the elastic stiffness Kel and the elastic displacement Dy can be related to the geometry of the damper 220 
using Equations 7&8. The number of bars n needs to be assumed in order to solve for the diameter and length of 221 
the bars, In this case, the use of six bars was found to give practical bar sizes for the available test setup and 222 
isolator. For the damper composed of six bars, the diameter and length of bars were found respectively equal to 223 
36mm and 1352mm for hot-rolled steel and 35mm and 1499mm for cold-rolled steel. For practical reasons, it 224 
was decided to use bars of 38mm (1.5 inches) diameter and the 1500mm length for both hot rolled and cold-225 
rolled steel. A total of five specimens were fabricated to be tested: three specimens made up of cold-rolled steel 226 
(CR) and two specimens made up of hot-rolled (HR) steel. For each specimen, two coupons were tested according 227 
to ASTM E8 / E8M - 15a (2015) standard test methods for tension testing of metallic materials to determine the 228 
steel yield strength Fy. 229 
With the selected values for n, d, l and the measured values for Fy, the actual properties of stiffness and 230 
damping of the damper can be predicted by Equations 5&6. Subsequently, the final stiffness and damping 231 
properties of the combined isolation-damping system can be calculated with Equations 3&4.  This leads to 232 
updated predictions for (ε%, φ%), as calculated with Equations 1&2, which can be a little different from the 233 
primarily assumed ones. Values found using the procedure above for the selected test specimens are summarized 234 
in Table 1. 235 
Table 1. Design properties 236 
Specimen Fy(MPa) Dy(mm) ξଶ ܭ௘௙௙ଶ (ε%, φ%)	 D (mm) 
HR1 371 9 0.11 5998 (-7, -54) 47 
HR2 356 9 0.10 6015 (-6, -54) 47 
CR1 590 14 0.11 7227 (3, -58) 43 
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CR2 596 15 0.10 7472 (6, -58) 43 
CR3 530 13 0.09 7301 (9, -56) 45 
6. Testing isolation bearing and dampers 237 
Two testing procedures were used in this phase: displacement controlled cyclic (DCC) testing and real-time 238 
dynamic substructuring (RTDS) testing. For a complete fixation of the bars by the end block against any 239 
rotational and translational displacement a girder was added (Figure 6b) on top of the blocks to provide ideal 240 
fixed boundary conditions. As shown in Figure 6, a laser sensor (on the vertical bar) was placed to measure the 241 
horizontal displacement in the middle of the specimen relative to the end blocks.  242 
 
(a) (b) 
Figure 6. Plan view of the damper without girder (a); Fixing girder between blocks (b) 
6.1 Displacement controlled cyclic (DCC) tests 243 
Displacement controlled cyclic loading has been performed on all specimens. These tests for specimens HR2 244 
and CR3 were performed after RTDS testing. Frequency of loading and number of cycles were two parameters 245 
to be verified during the tests. A frequency of 0.25 Hz was used in general for DCC tests, but tests were also 246 
performed at 0.1 Hz and 0.5 Hz. The effect of loading frequency on the results of displacement controlled cyclic 247 
testing was found to be negligible.  248 
To match approximately the final displacements outlined in Table 1, the specimens were tested at three or 249 
four amplitudes with the lowest amplitude corresponding approximately to yield displacement. These 250 
displacement amplitudes are 9, 50, and 60 mm for hot rolled specimens and 12, 30, 40, and 50 mm for cold rolled 251 
specimens. Three cycles at each displacement amplitude were performed consecutively as shown in the loading 252 
Fixed end 
blocks 
Laser 
sensor 
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force and hysteretic curves of Figure 7 for specimens HR1 and CR2. In this figure, force for isolator alone and 253 
for combined isolator and damper has been measured in two different tests. 254 
  
  
Figure 7. Comparison of the combined system vs. isolation only for two specimens 
As shown in Figure 7, hot rolled steel dampers are more advantageous with lower added stiffness and more 255 
damping effect compared to cold rolled steel dampers; having lower yield displacement, they also reach larger 256 
ductility values. In specimens HR1 and HR2, the attained ductility ratio at the maximum design displacement of 257 
the specimens is 5.2 and for CR1 through CR3 they are 3.1, 2.9 and 3.5 respectively. A comparison in terms of 258 
effective stiffness and equivalent damping has been made between the isolation bearing and its combination with 259 
five specimens in Figure 8. While specimens HR1, CR1 and CR2 were first tested by DCC method, it should be 260 
noted that the specimens HR2 and CR3 underwent real time dynamic substructuring (RTDS) tests as discussed 261 
in section 6.2. It is seen in Figure 8 that being damaged by RTDS tests (Passing yield displacement limit of the 262 
specimen) does not have a significant effect on the effective stiffness and equivalent damping ratio of the 263 
combined system because the displacement after yield in RTDS tests is much less than the designated 264 
displacements in cyclic tests. It is also seen in this figure that for a given displacement, hot rolled steel specimens 265 
have a higher damping ratio.  266 
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 267 
268 
 269 
Figure 8. Effective stiffness and equivalent damping ratio of specimens at various displacements 270 
6.2 Real-time dynamic substructuring (RTDS) tests 271 
The method of RTDS testing, often referred to as real-time hybrid testing, combines a numerical model with 272 
an experimental test. By substructuring techniques, it is possible to experimentally test only one part of a structure 273 
and subsequently study the global behavior of it in real time.  274 
For a known external excitation and employing a proper integration algorithm, the response of the structure 275 
could be solved numerically at any time step for the relevant displacement command applied by a hydraulic 276 
actuator. The acquired substructures’ restoring forces are subsequently entered into the integration algorithm for 277 
the next time step displacement command.  278 
Let’s assume a bridge deck with a known mass placed on top of an isolation system as described in this study 279 
(section 4) with a very stiff pier (solid floor slab of the laboratory). The system is equipped with the above-280 
mentioned damper parallel with the isolator. Considering that the movement of the bridge during an earthquake 281 
takes place essentially in the horizontal direction at the level of the isolation bearing, the structure can be 282 
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simplified as a single degree of freedom (SDOF) system. Since the effect of rollers is small and the base of the 283 
setup can be assumed to be completely rigid, the equation of motion can be written as: 284 
 ݉ௗ௘௖௞ݔሷ ൅ ܿ௜ାௗݔሶ ൅ ݇௘௙௙ݔ ൌ ܨሺݐሻ௦௘௜௦௠ Equation 9 
Where mdeck, is the mass of the deck taken as 91.7 tons, keff is the effective stiffness of the combined system, 285 
ci+d is the damping from the combined system, and ẍ, ẋ, x are acceleration, velocity and displacement of the 286 
system respectively. By considering the deck mass which is applied virtually and applying the external 287 
earthquake loading on the system, the response of the combined experimental and numerical structure can be 288 
determined in real time by RTDS testing method. The effective stiffness and equivalent damping behavior of the 289 
experimental portion leads to restoring force used by the system to calculate the global response in a stepwise 290 
manner. 291 
Figure 9 (a) is a schematic SDOF view of a bridge on an isolation bearing and a damper. The numerical part 292 
is composed of only the deck mass while the bearing system is experimentally tested. As shown in Figure 9 (b), 293 
actuators are directed by an industrial MTS controller (Flextest) rhythmed at every 1/1024 s. The MTS controller 294 
is commanded itself by a National Instruments controller (CompactRIO) (Figure 9c). This latter controller 295 
resolves in real time the equation of movement by Rosenbrock-W direct integration scheme (Lamarche et al. 296 
2009) with a rhythm of 2.5 milliseconds. Both controllers communicate the signals of force-displacement by 297 
analog channels. 298 
In real time, a particular attention should be paid to the control of delay between the command for 299 
displacement and the movement of the jack. For these tests, the delay was corrected by adding of a straight 300 
feedforward gain to the controller. 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
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(a) 
 
(c) 
(b) 
Figure 9. Configuration for RTDS testing on a SDOF model 
Real time hybrid tests were done on isolator alone, undamaged bars (CR3 & HR2) and damaged bars from 310 
cyclic tests (CR2 & HR1). Northridge earthquake accelerograms scaled at 10%, 20%, and 30% of its ground 311 
acceleration were used for these tests. Scaled accelerograms were taken as input to National Instruments 312 
controller and subsequently to MTS controller which commands the horizontal jacks. Due to velocity limitation 313 
of the horizontal hydraulic jacks for displacements over 40 mm with the velocity of 210 mm/s, the scaled 314 
accelerograms to 40% on isolator alone was not performed and hence the comparison of the results for this case 315 
with the specimens is not possible. Furthermore, the test would abort near the maximum peak point of the velocity 316 
where the jacks could not follow the command from the controller.  317 
 Using RTDS tests has the advantage of not imposing the displacement or the force on the system: it is the 318 
seismic excitation that is controlled. Figure 10 shows the displacement and force history of two specimens 319 
exposed to Northridge earthquake scaled to 30%. For both the hot rolled (HR1) and cold rolled (CR3) specimens 320 
presented, a decrease in displacement and an increase of the force is obtained by adding the damper to the system. 321 
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           322 
Figure 10.Displacement and force history of HR1 and CR3 with and without isolator under Northridge 30% 323 
Hysteretic behavior of the two specimens, as shown in Figure 11, shows the effect of steel grade on the 324 
damping and stiffness under the same earthquake. It is seen that the cold rolled specimen shows higher stiffness 325 
and lower damping, and hence higher response force compared to the hot rolled specimen. 326 
                  327 
Figure 11. Hysteretic response of HR1& CR3 with and without isolator under Northridge 30% 328 
All RTDS testing results for specimens HR1, HR2, CR2 and CR3 under Northridge scaled to 30% are 329 
summarized in Table 2 which shows the effective values of damping and stiffness at the displacements obtained. 330 
It also shows the values of increase in the force (ε) and decrease in the displacement (φ) relative to the case where 331 
the isolation bearing was tested. Specimens HR1 and CR2 have already been tested by DCC method at amplitudes 332 
of 47mm and 43mm respectively. This implies that the specimens have yielded and in RTDS tests can show 333 
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different behavior from other two specimens. Under the same accelerograms, they represent lower displacement 334 
and force with more effective stiffness and low damping ratio.  335 
Table 2. RTDS testing results for specimens under Northridge scaled to 30% 336 
 Dmin/max Fmin/max ߤ Keff ߮% ࢿ% ξ% 
Isolator 
-38.8 -123.1 - 
3242 - - 5.5 
36.5 121 - 
HR1 
-17.3 -143.5 1.92 
7183 -42 +29 7.3 
26.5 171.2 2.94 
HR2 
(RTDS first) 
-15.4 -130.4 1.71 
8938 -59 +13 4.1 
15.4 144.7 1.71 
     
CR2 
-16.3 -136.4 1.09 
7924 -49 +25 4.4 
22 167.6 1.47 
 
CR3 
(RTDS first) 
-17.1 -146.5 1.32 
8668 -54 +24 3.3 
17.8 156 1.37 
For 30% of Northridge, all specimens experience yielding as their displacements are greater than their 337 
respective yielding limit. From the results, the ratio of damping reduction coefficients for the combined cases, 338 
B2, and the case with isolation bearing, B1, except for HR1 is less than 1 which is contrary to the assumption that 339 
B2/B1 should be between 1 and (1−߮)−1. This is attributed to the fact that tests with higher scales of Northridge 340 
were not possible due to the speed limitations. Nevertheless, for specimen HR1, the ratio of B2/B1 is calculated 341 
by Equation 1 of the method to be 1.15 while this ratio from the tests is 1.09 which shows a close conformity 342 
between the tests and the method. It is expected that for higher displacements, the contribution of the damper to 343 
the overall damping of the system will increase significantly. 344 
The ratio of effective stiffness from combined system to isolator, Keff2/Keff1 based on Equation 2 of the method 345 
shows a close match between the test results and the estimations by the method. In summary, the stiffness 346 
obtained in the RTDS tests for combined isolator and damper was similar to those predicted by the simplified 347 
method. However, due to limitations in the actuator’s speed, these tests could not reach amplitudes for which the 348 
dampers exhibit the damping ratios calculated with the simplified approach.   349 
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7. Extending study with numerical modelling 350 
A 2D numerical model of the setup was analysed in the finite element software SAP2000 to first reproduce 351 
some of the RTDS tests, and then extend the study to excitation levels for which the damper was designed. As it 352 
is shown in Figure 12a, the model consists of three main components of the test setup. To model the isolation 353 
system, a biaxial hysteretic link element was employed. It couples plasticity properties for the two shear 354 
deformations, and linear effective stiffness properties for the other four deformations. The plasticity model is 355 
based on the hysteretic behavior proposed by Park et al. (1986). The vertical property of the isolator was taken 356 
linear under the dead and service loads. For nonlinear direct integration time history, mass and stiffness 357 
proportional damping was set to zero for all cases of the model. For time integration parameters, Hilber-Hughes-358 
Taylor method was used. A bilinear model following Equations 3 and 4 was assumed to define the nonlinear 359 
properties of the isolator. Based on the characterization tests presented in Section 4, the properties of the bilinear 360 
model for the isolator were found to be Dy = 13mm, Kel=3900 and α=0.72. 361 
To model the damper and also the friction of the roller, a Wen plasticity property was defined. For this link 362 
element, we can specify independent uniaxial plasticity properties for each deformational degree of freedom; all 363 
internal deformations are independent and yielding at one degree of freedom may not affect the behavior of the 364 
other deformations. The damper element in the model is not subject to vertical loading under gravity, whereas 365 
the roller element is subject to a load of 900kN. In order to define the properties of the bilinear model for the 366 
damper, Equations 3 and 4 are also used. The elastic displacement Dy and stiffness Kel were assumed equal to 367 
the calculated values from Equations 6 and 7. The post yield stiffness ratio, α, was evaluated by subtracting the 368 
force-displacement curve from tests on the isolator alone (section 4) from the force-displacement curve for the 369 
combined system (section 6.1). For hot rolled and cold rolled specimens, α, was evaluated on average as 0.27 370 
and 0.42 respectively.  371 
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(a) (b) 
Figure 12. Numerical model (a); Test& analysis comparison under Northridge 30% 
Figure 12b compares the history of displacement from analysis and RTDS testing for HR2. It is shown that 372 
the displacement time history from both tests and numerical analyses matches closely.  373 
In order for further extending the study, six synthetic near fault and far from fault ground motion time histories 374 
(Atkinson et al., 2015) best matching between 0.5 s to 2 s of the period for Montreal and Sherbrooke soil type C, 375 
have been used to evaluate the behavior of the structure. Three of six accelerograms were taken for Montreal 376 
(east7c1-28, east6c1-30 & east6c1-42) and the other three were taken for Sherbrooke (east6c1-30, east7c1-42 & 377 
east6c1-42). Each earthquake name refers to region, magnitude, site class and distance. Thus east6c1 has the 378 
accelerograms for the east for M6.0, on site class C, for distances 10-15 km. Records for both magnitudes of 6.0 379 
and 7.0 for the east have been taken. Numbers at the end of the name refer to the number of the earthquake in the 380 
sets of 45 records. Each accelerograms was scaled so that the numerical model without the damper yielded 381 
approximately maximum design response of the bearing. Subsequently the same scaled earthquake was applied 382 
to the model with the damper element to verify the rate of decrease in displacement as well as the rate of increase 383 
in the base shear of the model. Since the specimens with the same grade of steel had similar results, they were 384 
regrouped into only HR and CR numerical models. Figure 13 shows the history of response for isolator with and 385 
without HR specimens.  386 
Damper 
Rollers 
Isolator 
Mass 
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(a) (b) 
Figure 13. Numerical results for specimens under design accelerograms of scaled east7c1_28 
The average values of response of the system without and with dampers under six accelerograms are 387 
compared to the results from the simplified method in Table 3.  388 
 389 
 390 
 391 
Table 3.Response of the combined system for the numerical model 392 
 
Simplified method DCC testing 
Numerical method  
extended from RTDS  
Specimen D(mm) 
(૎) 
F (kN) 
(ઽ) 
	 F(kN) (ઽ) D(mm) 
(૎) 
F (kN) 
(ઽ) 
HR1 47 (-54%) 
284(-
7%) 
297 (-2%) 
56 (-42%) 326(11%) 
HR2 47 (-54%) 
285(-
6%) 
303 (0%) 
CR1 43 (-58%) 
313 
(3%) 
334 (10%) 
52 (-47%) 370(26%) 
CR2 43 (-58%) 
323 
(6%) 
335 (11%) 
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CR3 45 (-56%) 
331 
(9%) 
335 (11%) 
Although the variations in displacement and base shear have a general agreement between the numerical 393 
model and the simplified method, it is observed that the decrease in displacement is lower and the increase in 394 
base shear is higher for the numerical model. The variations in the force and displacement response from the time 395 
history analysis can be different from what has been predicted by the simplified method and DCC testing because 396 
the proposed method simply assumes that the response is inversely proportional to the period.  397 
Although mild steel (HR) shows more desirable behavior, the increased force due to increased effective 398 
stiffness under inertial loading on the system is still present. By increased effective stiffness the fundamental 399 
period of the combined system will decrease as well. On a real bridge structure, based on the design goals and 400 
features of the structure and the damper, the increased stiffness can be handled without raising efforts while 401 
behavioral and economic advantages of the system should be verified by the designer. It should also be noted 402 
that the original non-isolated system must be compared to the isolated-damped structure. The proposed method 403 
and system would be interesting if overall efforts are lower to what would have been obtained on a conventional 404 
non-isolated structure, and that the movements are similar.  In case of a damage subsequent to a sever seismic 405 
event the replacement of the proposed system can be relatively easy compared to the repair of a bridge pier and/or 406 
its foundation. Eventually, the simplified method can be a useful tool for the rapid selection of damper properties 407 
to reduce isolated bridge displacements under seismic loads. 408 
8. Concluding remarks 409 
A simplified method for the design and retrofit of energy dissipating systems for highway bridges has been 410 
presented. Following this simplified method, very simple and easy-to-replace steel hysteretic dampers prototypes 411 
have been designed and tested under DCC and RTDS testing. After the experimental verifications, the behavior 412 
of the proposed damper was further investigated numerically. 413 
The main conclusions are as follows: 414 
1. The simplified method can be useful in selecting the optimal added stiffness and damping to a 415 
structure where the control of displacement and base shear is required. 416 
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2. A simple steel hysteric damper has been designed that has several advantages. First the elements 417 
are horizontal so the vertical movements of the deck of the bridge may not affect its functionality. It 418 
also permits to choose a desired length and cross section for the damper elements. Finally, the three 419 
point plastic hinge mechanism in the proposed damper offers a greater capacity for the elements to 420 
dissipate earthquake energy. 421 
3. DCC test results for both hot rolled and cold rolled specimens show a good conformity between 422 
the predictions of the method and the test results. Hot rolled specimens show more damping and reach 423 
higher values of plastic deformation compared to the cold rolled ones.  424 
4. RTDS testing results for HR1 specimen show a close conformity between the method and the tests 425 
in terms of added stiffness. However, due to velocity limitations of the hydraulic jacks for other 426 
specimens, damping ratio stayed lower than the case with the isolator alone because the damper could 427 
not dissipate much energy for these low amplitude cycles. 428 
5. Results from nonlinear time history analyses of the specimens follows closely the history recorded 429 
during the RTDS tests.   430 
6. The extended numerical modeling depicts a general agreement between the simplified method and 431 
test results on prototypes. The time history analysis on average predicts a smaller decrease in 432 
displacement and a larger increase in base shear.  433 
7. The damper developed in this study is only one suggestion to implement the simplified method in 434 
practice. Other existing dampers could be tested for a better verification of the method. 435 
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